In contrast to results with bacterial suspensions, phagocytosis of unopsonized bacteria readily occurs when bacteria are adhered to glass or plastic surfaces. However, in contrast to neutrophils, alveolar macrophages produced much less DNA denaturation as measured by acridine orange metachromasia of phagocytized Staphylococcus aureus. We have studied the phagocytosis of unopsonized surface-adherent S. aureus and the subsequent production of reactive oxygen species by peripheral blood neutrophils, monocytes, and alveolar macrophages. Phagocyte-free systems were then used to show the relationship of the reactive oxygen species produced by neutrophils and alveolar macrophages and the denaturation of unopsonized S. aureus DNA with acridine orange. Peripheral blood neutrophils, monocytes, and alveolar macrophages from normal human volunteers were added to vials with adherent S. aureus without opsonin. Bacterial uptake and luminol-and lucigenin-dependent chemiluminescence were measured. Neutrophils developed much greater luminoldependent chemiluminescence than monocytes or alveolar macrophages. Compared with neutrophils and monocytes, alveolar macrophages developed significantly greater concentrations of superoxide, as measured by lucigenin-dependent chemiluminescence and ferricytochrome c reduction. These findings suggested that products of the myeloperoxidase-hydrogen peroxide-halide pathway were generated when peripheral blood neutrophils were stimulated and that alveolar macrophages primarily produced superoxide. When these reactive oxygen species were generated in phagocyte-free systems containing S. aureus, products of the myeloperoxidase-hydrogen peroxide-halide pathway produced denaturation of S. aureus DNA, whereas superoxide did not. Thus, differences in reactive oxygen species produced during phagocytosis may be related to the different capacities of neutrophils and alveolar macrophages to denature unopsonized adherent S. aureus DNA.
A model for phagocytosis of bacteria has been developed in our laboratory that utilizes bacteria adhered to a surface as a stimulus (14) . Compared with suspension assays, this model may more closely simulate the behavior of phagocytes exposed to bacteria on epithelial surfaces. This model with adherent bacteria has shown significant differences in response of phagocytic cells when compared with phagocyte systems with bacteria in suspension. For example, when bacteria are adhered to a surface, efficient uptake by phagocytes is possible without the presence of serum opsonins. Peripheral blood neutrophils monocytes and alveolar macrophages exhibited >65% uptake of unopsonized bacteria. When phagocytized by neutrophils, 45% of the phagocytized Staphylococcus aureus showed denatured DNA. In contrast, only 6% of S. aureus had denatured DNA when phagocytized by alveolar macrophages (17) .
The purpose of the present study was to determine whether unopsonized, adherent S. aureus DNA denaturation might be related to a difference in reactive oxygen species formed during phagocytosis. Two chemiluminogenic probes were used to study the oxidative metabolic response of neutrophils, monocytes, and alveolar macrophages during engulfment of glass-adherent staphylococci. 5-Amino-2,3-dihydrophthalazine-1,4-dione (luminol) was used since this probe measures primarily products of the myeloperoxidase (MPO)-hydrogen peroxide-halide pathway of the respiratory burst during phagocytosis (3-5, 9, 11, 12, 23) . Dimethyl biacridium nitrate lucigenin) was the second probe used since the chemiluminescence with this probe reflects superoxide production (2-4, 20; P. Stevens and D. Hong, Fed. Proc. 41:273, 1982) . To show that this difference in reactive oxygen species between neutrophils and alveolar macrophages could in turn produce the observed differences in S. aureus DNA denaturation, phagocyte-free systems were used to generate these oxygen species. Superoxide in concentrations observed in the phagocytizing alveolar macrophages produced no metachromasia of S. aureus exposed to acridine orange. In contrast, addition of MPO to H202 in the presence of Cl-and the addition of OCI-alone at concentrations observed in the phagocytizing neutrophil produced metachromasia of acridine orange-exposed S. aureus.
MATERIALS AND METHODS
Cell preparation. Alveolar macrophages were obtained from healthy human donors by subsegmental lavage of the right middle lobe with sterile saline (13, 14) . Lavage fluid was passed through a wire mesh to remove mucus, centrifuged for 10 min at 160 x g, and suspended in Hanks balanced salt solution (HBSS) containing 0.1% gelatin (GHBSS). The cells were then counted on a hemacytometer, and viability of >95% was assured by trypan blue exclusion. The mean (range) cell differentials were: alveolar macrophages, 77% (44 to 97%); neutrophils, 3% (0 to 11%); and lymphocytes, 20% (0 to 56%). Neutrophils were isolated from heparinized venous blood by isopycnic centrifugation and hypotonic lysis of erythrocytes (8, 21) . Monocytes were isolated as previously described (1) by adherence to preconditioned plastic flasks. The purity of neutrophil and monocyte suspensions and viability by trypan blue exclusion both exceeded 95%. Final cell suspensions of all three phagocyte types contained 5 x 104 cells per ml of GHBSS for the chemiluminescence assay and 5 x 106 cells per ml of GHBSS for phagocytosis and ferricytochrome c reduction.
Bacterial adherence. S. aureus Cowan I colonies from a blood agar plate were grown for 18 h at 37°C in 10 ml of Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) containing 20 RI of [2-3H] Phagocytosis. Bacterial uptake from a plastic surface was determined as described by Lee et al. (16) . Briefly, 0.5 ml of a phagocyte suspension (2.5 x 106 cells) was added to each well of a 24-well tissue culture dish (Costar) containing adherent, radiolabeled bacteria. The plates were incubated at 37°C in a stationary position for the specified times. Phagocytic cells and bacteria were then removed by trypsin and EDTA (0.5% trypsin and 200 mM EDTA; GIBCO Laboratories, Grand Island, N.Y.) in normal saline. Greater than 80% of the plastic surface-adherent bacteria are removed by the addition of trypsin to the wells as determined by measuring the radioactivity in each of the various suspensions added to and removed from the wells. Non-cellassociated bacteria were separated by differential centrifugation. Phagocytosis was expressed as a percentage of the total radioactivity recovered by using the following formula: percent uptake = (A)/(A + B) x 100, where A represents phagocyte-associated radioactivity and B represents nonphagocyte-associated radioactivity.
Chemiluminescence. After the bacteria were adhered to the glass, a standard technique of chemiluminescence measurement was followed (16, 19 
RESULTS
The chemiluminescence responses of the three phagocyte populations to surface-adherent unopsonized S. aureus were compared in the presence of luminol and lucigenin. In the luminol-dependent chemiluminescence assay, neutrophils produced significantly greater chemiluminescence at all time points beyond 5 min than either monocytes or alveolar macrophages. The light flux showed a unimodal peak for each cell type. A comparison of these peaks is shown in Fig.  1 . In contrast, in the presence of lucigenin, alveolar macrophages exhibed significantly greater peak chemiluminescence than neutrophils or monocytes. Again, the light flux showed a unimodal peak for each cell type. The luminoldependent chemiluminescent response of neturophils and monocytes was inhibited 78 and 87%, respectively, by sodium azide, an inhibitor of heme-containing enzymes such as myeloperoxidase (Table 1 ). The small amount of luminoldependent chemiluminescence of alveolar macrophages was only 6% inhibited by sodium azide. SOD, an enzyme that decreases the concentration of superoxide, markedly decreased the lucigenin-dependent chemiluminescent response of alveolar macrophages (91%) and moderately decreased neutrophil (68%) and monocyte (81%) lucigenin-dependent chemiluminescence (Table 1) .
A detailed kinetic comparison of the phagocytosis of surface-adherent, unopsonized S. aureus, the rates of luminol and lucigenin chemiluminescence, and the superoxide released is presented in Fig. 2 for neutrophils and Fig. 3 for alveolar macrophages. Nearly 50% of available radiolabeled, unopsonized, surface-adherent S. aureus was neutrophil associated by 5 min (Fig. 2A) . Increasing lucigenin and luminol chemiluminescence was also observed after 5 min (Fig. 2B) , as was increased superoxide release by ferricytochrome c reduction at 10 min (Fig. 2C) . The uptake by alveolar macrophages of radiolabeled, unopsonized, adherent S. aureus reached 40% of available bacteria by 5 min (Fig. 3A) . A significant increase in lucigenin chemiluminescence was observed at this time, but a significant increase in luminol chemiluminescence was not detected (Fig. 3B) . Superoxide release by ferricytochrome c reduction showed a significant increase by 10 min (Fig. 3C) . Lucigenin chemiluminescence and ferricytochrome c reduction were significantly greater at all time points with alveolar macrophages than with neutrophils. On the other hand, luminol chemiluminescence of alveolar macrophages was significantly lower from 15 through 60 min than that of neutrophils.
The ratio of ferricytochrome c reduced by neutrophils to that by alveolar macrophages was similar to the ration of lucigenin-dependent chemiluminescence by neutrophils to that by alveolar macrophages during phagocytosis of surface-adherent S. aureus.
In a previous study from this laboratory, neutrophils and alveolar macrophages showed efficient and similar uptake of unopsonized, adherent S. aureus (17) . Of those S. aureus phagocytosed by neutrophils, 45% showed evidence of DNA denaturation by metachromasia to orange red after exposure to acridine orange. In contrast only 6% of those S. aureus phagocytized by alveolar macrophages showed metachromasia.
To demonstrate that the differences in the reactive oxygen species produced by neutrophils and alveolar macrophages under these conditions could account for these observed differences in acridine orange metachromasia of S. aureus phagocytized by these two cell types (17) , we employed several cell-free systems to generate relevant reactive oxy- gen species. Using xanthine-xanthine oxidase to produce 7.6 nmol of 02-per 2 x 106 adherent S. aureus cells failed to produce acridine orange metachromasia. H202 concentrations from 10-5 to 10' M also showed no S. aureus with orange-red metachromasia. However, the addition of myeloperoxidase to H202 in a solution containing Cl-to produce HOCI led to an orange-red metachromasia of the acridine orange-loaded S. aureus. Finally, increasing amounts of NaOCI alone produced increasing orange-red metachromasia at concentrations from 10-6 to 10' M (Table 2) . DISCUSSION Luminol and lucigenin were used to measure chemiluminescence since they have been found to greatly enhance the sensitivity of such measurements and to detect different products of oxygen metabolism (2-4, 6; Stevens and Hong, Fed. Proc., 1982). Luminol undergoes oxidative dioxygenation and interacts more efficiently with the H202-HOCI reactants of the myeloperoxidase system, although reaction with OH-02 may be possible (4) . The pattern of azideinhibitable chemiluminescence with luminol was neutrophils > monocytes > alveolar macrophages. This is consistent with the known pattern of relative peroxidase activities in these cell types (7) .
This pattern and these amounts of luminol chemiluminescence are well known in assays using opsonized bacteria to stimulate neutrophils or monocytes. However, most unopsonized bacteria in suspension (including S. aureus Cowan II) induce much less luminol chemiluminescence in neutrophils and monocytes than observed here. This is most likely due to the relatively small numbers of unopsonized bacteria in suspension that are phagocyte associated (13) . In contrast, when unopsonized bacteria are adherent to a surface, they promptly associate with neutrophils or monocytes in amounts comparable to those seen in suspension systems with opsonized bacteria. As our results show, the kinetics of the luminol chemiluminescence response in neutrophils closely followed the kinetics of association of the radiolabeled staphylococcus to this cell.
In contrast to luminol, lucigenin undergoes reductive dioxygenation and interacts preferentially with O2- (3) . (24) . Whether this increase is due to factors related to phagocytosis while the alveolar macrophage is adherent to a surface or to the difference in the particles requires further investigation.
The differences we observed in major reactive oxygen species produced by alveolar macrophages and neutrophils correlate with the results of a previous study in which the ability of alveolar macrophages and neutrophils to denature staphylococcal DNA in a surface-adherent system was assayed by using acridine orange (17) . Whereas similar numbers of cell-associated staphylococci were found in alveolar macrophages and neutrophils at 60 min, neutrophil bacterial killing was found to be seven times more effective than killing by alveolar macrophages with the acridine orange system. Alveolar macrophages, which had less MPOhydrogen peroxide-halide activity, showed less intercalation of acridine into the DNA of the phagocytized unopsonized S. aureus, whereas neutrophils produced greater intercalation into their phagocytized unopsonized S. aureus DNA, producing the characteristic red metachromasia of the dye.
To determine whether the generation of different reactive oxygen species could explain these observed differences in acridine orange metachromasia, cell-free systems were used to generate different relevant oxygen species. We found that the generation of°02 by xanthine in the presence of xanthine oxidase failed to produce any orange-red metachromasia in the S. aureus exposed to acridine orange. The amount of. 02 generated was similar to that detected with SOD-inhibitable cytochrome c reduction in our systems containing phagocytes. Similarly, the addition of H202 at concentrations expected in our system containing phagocytes (15) did not produce metachromasia in S. aureus exposed to acridine orange. However, the use of H202 and increasing amounts of MPO did indeed produce increasing proportions of S. aureus, showing orange-red metachromasia, as did NaOCI alone.
The reactive oxygen species produced by alveolar macrophages between host and peripheral blood neutrophils and monocytes during phagocytosis of surface-adherent bacteria may also relate to epithelial cell damage. Current studies are examining this hypothesis.
